to ensure reliable and accurate allele designation across laboratories makes the SkydancerPlex the 23 first forensic DNA profiling system in a species of wildlife to be fully validated according to SWGDAM 
28

INTRODUCTION 29
The hen harrier is a species of raptor commonly found in Europe, Asia and North America. Although disappeared mysteriously with consequent nest failures [12] . A DNA based tool to identify individual 50 hen harriers would be advantageous in the battle against illegal persecution of hen harriers.
52
STR loci have become the most commonly used genetic marker for DNA based individualisation.
53
Tetranucleotide STRs are preferred because their stutter percentages are much lower (15%) 54 compared to di-and trinucleotides (30%) [13] . A total of 23 tri and tetranucleotide STR markers have 55 recently been described in the hen harrier [14] . Using a selection of 8 of these markers and a 
127
(ThermoFisher Scientific) was used for cycle sequencing and products were purified using an ethanol 128 precipitation with 10 mM EDTA, 0.3 M NaOAc (pH 4.6) and 20 µg glycogen. Sequencing was carried
129
out on an ABI3500 genetic analyser (ThermoFisher Scientific) and sequence data analysed using
130
BioEdit software version 7.1.7 [18].
132
For construction of the allelic ladder, individual alleles were isolated after separate singleplex PCR 
Developmental validation
152
A developmental validation was performed on the SkydancerPlex using SWGDAM guidelines [16] .
154
Characterization of STR markers
155
Mendelian inheritance was examined through parentage verification of one family where a shed
156
feather from an adult female and buccal swabs from four chicks were available. In addition, sibling 157 samples from four nests were genotyped as described in sections 2.3 and 2.4 and genotypes of the 158 parents inferred.
160
Species Specificity
161
Primer specificity was determined using 3-10 ng of DNA from two other bird species (pheasant and 162 blue tit) and from the domestic dog. For the human sample, a total of 3 ng DNA was used in the PCR
163
followed by capillary electrophoresis as described in sections 2.3 and 2.4.
165
Sensitivity
166
Sensitivity of the STR multiplex was evaluated using DNA from female and male hen harrier tissue.
167
Samples were first diluted to a starting concentration of 1 ng/µl, followed by a serial dilution down to 168 0.062 ng/µl. Multiplex PCR amplification of 1 µl of diluted sample was carried out using conditions 
178
Precision and accuracy
179
The precision and accuracy of the multiplex was established through repeatability and reproducibility
180
studies. The multiplex was tested by the same two operators on two separate days using PCR and 
PCR-based studies
199
A few modifications were made to the cycling parameters recommended in the Qiagen Multiplex PCR 
210
Primer concentrations for the HHBswB220w locus had to be halved in the primer mix in order to 211 balance peak heights across all loci (Table 1) .
213
For the developmental validation, the multiplex was tested on an ABI 2720 Thermal Cycler using two 214 further PCR buffers: AmpliTaq Gold (ThermoFisher Scientific) and 2x Platinum Multiplex PCR
215
Mastermix (ThermoFisher Scientific). Multiplex PCR Mastermix and 2x Platinum Multiplex PCR
216
Mastermix amplification was carried out using the PCR conditions described in section 2.3. AmpliTaq
217
Gold amplification was carried out in a 12.5 µl reaction, using 1x PCR buffer, 1.25 mM dNTPs, 3.0 (Table 2 ).
232
Allele 6 of marker HH09-C1 contains six consecutive AAAC repeats, while alleles 7, 8 and 9 contain a 233 substitution within the repeat motif as shown in Table 2 . This has also been observed 
Species specificity
241
The primers showed high species specificity since no amplicons were observed using pheasant, blue 242 tit, dog or human DNA (data not shown).
244
Sensitivity
245
A full STR profile was obtained down to 0.125 ng using female DNA (Figure 1 ). At 0.125 ng, the 212 246 bp fragment of the sexing marker (CHD 1) dropped just below the 50 rfu threshold but was still clearly 
Stability
255
With artificially degraded DNA, full profiles were obtained in both female and male samples with 20.0 256 ng DNA after 5 and 10 minutes DNase I treatment. With lower amounts of DNA and increasing times 257 of DNase I treatment, peak heights of larger alleles (>240 bp) began to drop below the rfu threshold 258 followed by those of medium sized alleles (132 -219 bp) (Table 3) . 
260
Precision and accuracy
263
The multiplex PCR was carried out by two users on two separate days using the female and male
264
DNA. Full profiles were generated each time and allele designation was consistent using the allelic 
279
No amplicons were observed for the other 3 egg shell fragments (two from the same egg) (data not 280 shown).
282
Population studies
283 Table 4 shows the allele frequencies observed in 63 individuals from across the UK (England n= 22,
284
Scotland n= 29, Wales n= 8 and Isle of Man n= 4). All individuals were unrelated since buccal 285 swab/feather samples from only one sibling from each nest was used.
286 287 Table 4 . Allele frequencies for SkyDancerPlex STR markers in the UK (n = 63) and descriptive statistics, including the number 288 of alleles (Na), match probability (MP), polymorphism information content (PIC), power of discrimination (PD), power of 289 exclusion (PE), probability of identity (P ID ) and probability of identity for siblings (P ID-SIB ). 
291
Gene diversity (expected heterozygosity) values ranged from 0.442 to 0.896 [14] . Levels of 292 polymorphism and power of discrimination were high and match probability was low across all loci 293 (Table 4) . Calculated as the product of MP values across all 8 loci, the average profile frequency was not included in the allelic ladder due to unavailability of suitable individuals to isolate the alleles from.
304
A total of 80 % of the alleles (44/55) in the allelic ladder have been sequenced. The remainder (11)
305
were not sequenced since no suitable individuals were available for isolation (heterozygous 306 genotypes had alleles too close in size for successful separation) or small size of amplicon fell within 307 size exclusion range of columns used for purification.
309
Alleles were consistently and accurately called across all STR loci with the use of the allelic ladder.
310
Precision testing using 24 separate injections of the allelic ladder resulted in all allele sizes within three standard deviations of the mean (SD was no more than 0.036 and 3xSD was no more than 312 0.11) making allele bins of mean±0.5 bp highly conservative. harrier. The sexing marker CHD1 is present as a split peak at 219 bp in the green panel.
339
Stutter percentages varied from 1.7 % to 15.6 %. The highest stutter percentages (3.1 % -15.6 %)
340
were found for marker B220, a trinucleotide repeat, with an average of 8.7 %. The average stutter 341 percentage for the tetranucleotide repeats was 4.9 %. No stutter was observed for marker HH11-G7
342
with a repeat motif of 11 nucleotides. When comparing the stutter percentages for B220 with the three 343 different PCR buffers, the lowest was observed using Platinum Mastermix (8.4 %), followed by
344
Multiplex PCR Mastermix (8.6 %) and AmpliTaq Gold (11.9 %). AmpliTaq Gold also showed stutter 345 products at markers 22316, 62369 and 00703 (6.6 % -14.7 %) whereas the other two PCR mins DNase I treatment using <0.5 ng DNA and after 10 mins DNase I treatment using <1.0 ng DNA.
393
After 30 mins DNase I treatment, only a few small amplicons (83-133 bp) were detected in the male
394
DNA using high amounts of DNA.
396
The SkydancerPlex is very robust producing full profiles using three different PCR mastermixes and 
406
Several case type samples were successfully used. However, feather samples were variable in terms
407
of DNA profile generated. Higher DNA yields and better PCR amplification success has previously 
415
CONCLUSION 416
The SkydancerPlex is the first STR multiplex for a species of wildlife that is fully validated according to 417 the ISFG and SWGDAM guidelines. It has high species specificity and sensitivity, is highly robust 418 providing full profiles using several different PCR buffers and thermal cyclers, and the availability of 
